While malate and fumarate participate in a multiplicity of pathways in plant metabolism, the function of these organic acids as carbon stores in C 3 plants has not been deeply addressed. Here, Arabidopsis (Arabidopsis thaliana) plants overexpressing a maize (Zea mays) plastidic NADP-malic enzyme (MEm plants) were used to analyze the consequences of sustained low malate and fumarate levels on the physiology of this C 3 plant. When grown in short days (SD), MEm plants developed a pale-green phenotype with decreased biomass and increased specific leaf area, with thin leaves having lower photosynthetic performance. These features were absent in plants growing in long days. The analysis of metabolite levels of rosettes from transgenic plants indicated similar disturbances in both SD and long days, with very low levels of malate and fumarate. Determinations of the respiratory quotient by the end of the night indicated a shift from carbohydrates to organic acids as the main substrates for respiration in the wild type, while MEm plants use more reduced compounds, like fatty acids and proteins, to fuel respiration. It is concluded that the alterations observed in SD MEm plants are a consequence of impairment in the supply of carbon skeletons during a long dark period. This carbon starvation phenotype observed at the end of the night demonstrates a physiological role of the C 4 acids, which may be a constitutive function in plants.
Fumarate can accumulate to high levels in Arabidopsis (Arabidopsis thaliana) and agronomically important C 3 plants like soybean (Glycine max) and sunflower (Helianthus annuus; Chia et al., 2000; Fahnenstich et al., 2007) . It is synthesized from malate through the action of fumarase (Gout et al., 1993) . Malate is an intermediate of the tricarboxylic acid (TCA) cycle and a regulator of pH and nutrient uptake and stomatal function (Fernie and Martinoia, 2009) . Malate also has an important role in photosynthesis in Crassulacean acid metabolism and C 4 plants . In some C 3 plants like Arabidopsis, malate and fumarate levels show diurnal changes similar to those of starch and Suc: They increase during the day and decrease during the night, suggesting that they function as transient carbon storage molecules (Fahnenstich et al., 2007) . As fumarate is highly concentrated in stems (Stumpf and Burris, 1981) and phloem exudates (Chia et al., 2000) , it was proposed that it might also be involved in carbon partitioning. There is variation in the extent to which C 3 plants store photosynthates in the form of sugars and organic acids in leaves during carbon assimilation (Zeeman and Ap Rees, 1999; Chia et al., 2000; Zeeman et al., 2007) . In Arabidopsis, approximately half of the photoassimilates are partitioned into starch (Sun et al., 1999; Zeeman and Ap Rees, 1999) . Under short days (SD), the partitioning of assimilates to the formation of starch is greater than in long days (LD; Gibon et al., 2004) . Thus, the longer the night, the higher is the proportion of photoassimilates stored as starch to provide carbon skeletons during the prolonged dark period.
We recently established transgenic lines of Arabidopsis with decreased malate and fumarate levels by overexpressing a maize (Zea mays) plastidic NADP-malic enzyme (MEm plants; Fahnenstich et al., 2007) . This enzyme catalyzes the oxidative decarboxylation of malate rendering pyruvate, CO 2 , and NADPH (Maurino et al., 1996) . The MEm plants showed an accelerated dark-induced senescence that could be rescued by supplying Glc, Suc, or malate, suggesting that the lack of a readily mobilized carbon source is likely to be the initial factor leading to the premature induction of senescence in MEm plants. In line with these, malate and fumarate were the only two metabolites whose levels were significantly decreased in the MEm lines after dark incubation and whose levels recover to values similar to wild type after incubation with Glc (Fahnenstich et al., 2007) .
In this work we address the question whether malate and fumarate function as storage carbon molecules in the C 3 plant Arabidopsis by analyzing the consequences of sustained low levels of these organic acids on the performance of MEm plants growing in different photoperiods. We demonstrate that low malate and fumarate levels do not alter morphology, photosynthetic functions, or growth parameters in LD plants. By contrast, MEm plants suffer from a marked decrease in photosynthetic performance and show reduced biomass and a pale-green phenotype in SD. When grown in SD at the end of the night the wild type showed a shift from carbohydrates as the main substrate for respiration to organic acids, while the MEm lines used more reduced substrates (e.g. fatty acids and proteins) to fuel respiration. The alterations observed in SD point to an impairment in the supply of energy and carbon skeletons during a long night, which supports the proposed physiological roles of malate and fumarate as essential storage carbon molecules in Arabidopsis.
RESULTS

The MEm Plants Display a Light Regime-Dependent Phenotype
When grown in SDs transgenic plants expressing maize NADP-ME had markedly smaller rosettes than wild type (Fig. 1A) and exhibited lower fresh and dry weight, significantly higher fresh weight to dry weight ratio, and specific leaf area (Supplemental Table S1 ; Supplemental Fig. S1 ) and thinner leaf sections (45%-60% of wild type; Fig. 2A ) than wild type. These results indicated a reduction in shoot biomass in MEm plants, which was reflected by both a higher water content per leaf area and lower dry matter. There is a dose-response relationship between the intensity of the changes observed and the level of NADP-ME activity, as MEm2 plants that have a 6-fold-higher NADP-ME activity than the wild type (Fahnenstich et al., 2007) showed less-accentuated variations in the phenotype than MEm4 and -5 plants, with 24-and 33-fold-higher NADP-ME activities than the wild type (Fahnenstich et al., 2007) . In LD, MEm plants were indistinguishable from wild type (Figs. 1 and 2; Supplemental Fig. S1 ; Supplemental Table S1 ).
The rosettes of SD MEm plants were pale green ( Fig.  1A ) with decreased total chlorophyll and chlorophyll a and b contents, but having similar chlorophyll a/b ratio to wild type (Supplemental Table S2 ). No significant differences in chlorophyll contents between the genotypes were found in LD plants (Supplemental Table S2 ).
Light microscopy observations showed that SD MEm plants have decreased leaf thickness ( Fig. 2A) and differences in leaf anatomy (Fig. 2B) . Leaves of wild type have homogenous rounded mesophyll cells on the adaxial side and spongy mesophyll on the abaxial side, with eight layers (Fig. 2B) . The leaves of MEm5 plants have only up to six layers of mesophyll cells and unlike the wild type, the upper layer consists of palisade-like mesophyll cells while cells of spongy mesophyll are rather loosely arranged (Fig. 2B ). The analysis of the ultrastructure of chloroplasts indicated that SD MEm plants have a more crowded thylakoid membrane system than wild type (Fig. 2C ), while chloroplast of LD MEm plants were similar to wild type (Fig. 2C ). To quantify these observations the PSI to PSII ratio was calculated from the corresponding fluorescence spectra of chloroplasts using living cells. The results indicated no differences in this parameter between the transgenic lines and the wild type in both conditions of growth (Fig. 2D) . Moreover, the relative distribution of thylakoids per granum indicated a very similar pattern of distribution in wild-type and MEm plants in both photoperiods (Supplemental Table S3 ).
Photosynthetic Characteristics
To obtain more direct physiological evidence for the contrasting responses of MEm plants grown under SD and LD regimes, the photosynthetic capacity and chlorophyll fluorescence emission were measured (Fig. 1B) . In LD plants, rates of photosynthesis per leaf area were similar in wild-type and MEm2 plants and slightly lower in MEm5 plants. In SD, MEm2 and -5 plants showed a reduction in photosynthesis compared to wild type (Fig. 1B) . This lower CO 2 fixation rate per unit leaf area is in accordance with the thinner leaf sections and the most severe reduction in biomass accumulation observed in SD MEm plants ( Fig. 2A ; Supplemental Table S1 ). MEm4 plants showed the same behavior as MEm5 plants (data not shown).
Chlorophyll fluorescence analysis showed that in LD there was no difference between wild-type and MEm plants in the yield of PSII measured with increasing photosynthetic photon flux densities (PFDs; Supplemental Fig. S2a ). However, in SD plants the yield of PSII was lower in MEm than in wild-type plants (Supplemental Fig. S2a ). This suggests that in SD MEm plants the photochemistry is reduced along with CO 2 fixation per unit area. No differences in the fraction of closed PSII centers (estimated from 1 2 q p ) were detected, which suggests that changes in the redox state on the acceptor side of PSII with increasing light intensity was similar among the genotypes (data not shown).
We further investigated the inactivation of PSII under high-light treatment as an indicator of photoinhibition of photosynthesis. For this purpose, the time course of the maximum photochemical efficiency of PSII in the dark-adapted state (F v /F m ) ratio was determined as an indication of the maximum quantum efficiency of PSII primary photochemistry. All lines grown at moderate PFD under both SD and LD conditions showed no initial differences in F v /F m (Supplemental Fig. S2b ). After exposure to high PFD (700 mmol m 22 s 21 ), F v /F m of MEm plants showed a drastic decrease after 5 h of treatment followed by a recovery phase in both SD and LD plants (Supplemental Fig. S2b ), where SD plants showed a slower recovery phase and then F v /F m declined again (Supplemental Fig. S2b ). In the wild type, F v /F m slightly decreased after 5 h in high light and recovered after 2 d (Supplemental Fig. S2b ). These results indicate that MEm plants have lower capacity to use higher levels of PFD in photochemistry, and/or that they have reduced means of photoprotection and preventing inactivation of PSII, especially in SD.
Metabolite Analysis
We next determined the levels of soluble sugars, starch and malate photometrically and carried out a metabolite fingerprinting study using gas chromatography-mass spectrometry (GC-MS). As in the case of other parameters, the overexpressing lines MEm4 and -5 showed more pronounced variations in the metabolite profiles compared to wild type, while line MEm2 had an intermediate behavior between wild type and the other MEm lines. In Figures 3 and 4 decreased during the night (Fig. 3A) . In contrast, at low PFD (30 mmol m 22 s
21
), the levels of these sugars remained low during the whole day-night cycle ( Fig.  3A) . No significant differences in the accumulation patterns of Glc, Fru, and Suc were observed in the MEm plants compared to wild type (Fig. 3A) .
The pattern of starch accumulation of plants grown in SD at moderate PFD indicated similar maximal levels in MEm and wild-type plants with a shift of the maximum starch level to 1 h after darkening in MEm plants (Fig. 3B ). In this condition, the average rates of starch synthesis and degradation were similar in MEm and wild-type plants, respectively (Table I) . MEm plants grown at low PFD showed a significant higher starch accumulation capacity during the day and higher rate of starch degradation during the night, reaching similar levels as the wild type at the end of this period ( Fig. 3B ; Table I ).
Glycolytic Intermediates and Derivates
The level of pyruvate, the product of the NADP-ME reaction, was enhanced in SD MEm plants, especially during the day ( Fig. 4 ; Supplemental Tables S4 and S5 ). The pyruvate-derived amino acids Ala, Val, and Leu followed a similar pattern of accumulation and were significantly more abundant in MEm plants, predominantly in the lines with higher NADP-ME activities ( Fig. 4 ; Supplemental Tables S4 and S5 ).
Glycerate and 3-phosphoglycerate (3-PGA) accumulation profiles were similar in MEm and wild-type plants with a trend to higher glycerate accumulation in Tables S4 and S5 ). The 3-PGA-derived amino acid Ser showed higher accumulation in MEm plants, particularly at moderate PFD ( Fig. 4 ; Supplemental Tables S4 and S5 ). Possibly, the high content of pyruvate in the MEm plants reduces the flux from 3-PGA to pyruvate and, as a consequence, increase metabolism of PGA to glycerate and Ser.
MEm lines during the light period (Supplemental
TCA Cycle Intermediates and Derivatives
The organic acids involved in the TCA cycle showed informative patterns of accumulation. Citrate levels were similar in all genotypes at low PFD but at moderate PFD a significant accumulation was observed in MEm lines compared to wild type at the end of the light period (Supplemental Tables S4 and   S5 ). Under both growth conditions, 2-oxoglutarate showed a higher accumulation in MEm lines (Fig. 4) . However, no significant differences in the accumulation of Glu and the Glu-derived metabolites, Gln and GABA, were observed between the lines (Supplemental Tables S4 and S5 ). Succinate contents in MEm5 showed contrasting variations in both light conditions. At low PFD, the accumulation during the night period was lower than that of wild type and at moderate PFD the accumulation was higher by the end of the light period (Supplemental Tables S4  and S5 ).
In MEm plants malate and fumarate were drastically decreased at both light conditions during the whole light-dark cycle, especially in the plants with higher NADP-ME activity ( Fig. 4 ; Supplemental Tables S4 and S5) . Similar results were obtained by measuring the concentrations of malate photometrically (Table II) .
Oxaloacetate (OAA)-derived amino acids such as Asp and Thr showed significant lower accumulation in MEm lines during the whole day-night cycle particularly in plants grown at low PFD ( Fig. 4 ; Supplemental Tables S4 and S5) , which may reflect a lower content of the precursor OAA due to lower malate and fumarate levels.
Pyridine Nucleotide Pool Sizes
Since the NADP-ME reaction involves the reduction of NADP to NADPH, the levels of these nucleotides were determined. The average ratio of NADP to NADPH was similar in all genotypes at the end of the light period under LD and SD conditions (Fig.  5A) . On the contrary, some differences were observed at the end of the night. When the plants were grown in LD, MEm5 plants showed a higher NADP to NADPH ratio (Fig. 5B) . The metabolite abundance is presented relative to the internal standard (ribitol) and was calculated as the mean 6 SE of four replicates of eight plants each. In each graphic the onset of the light period was set to t = 0 h. The dark period is highlighted with black bars. Supplemental Tables S4 and S5 show the time points at which the samples were taken and include the results of the Student's t test (P , 0.05). PFD: mmol m 22 s 21 . wt, Wild type.
( Fig. 5B) . In all cases, the deviations were exclusively due to lower NADP concentrations (data not shown). The NADP to NADPH ratios of MEm4 resembled those of MEm5 plants in all conditions tested (data not shown).
The contents of NAD and NADH were analyzed at moderate PFD. When the plants were grown in LD, no differences were observed between the genotypes, except for a higher NAD to NADH ratio in MEm2 plants (Fig. 5C ), due to a lower accumulation of NADH (data not shown). On the contrary, MEm5 plants presented significantly lower levels of both NAD and NADH (data not shown). In SD conditions, all MEm lines showed significantly lower NAD to NADH ratios at the end of the night (Fig. 5C ) due to lower NAD levels and constant NADH levels (data not shown). No differences in the ratio were found at the end of the light period (Fig. 5C) . The NAD to NADH ratios of MEm4 resembled those of MEm5 plants in all conditions tested (data not shown).
Substrates Used for Respiration
To investigate whether the extremely low levels of malate and fumarate affect the energetic metabolism of the MEm plants the respiratory quotient (RQ) was determined. Determination of the RQ is useful because the volumes of CO 2 released and O 2 consumed by the leaves depend on which fuel source is being metabolized for respiration (Hurth et al., 2005) . At the end of the day in both SD and LD the RQs of all genotypes were close to 1.0 (0.93 6 0.08 to 1.14 6 0.13), indicating the of use carbohydrates to fuel respiration. At the end of the night in SD the wild type showed RQs of 1.86 6 0.14, indicating a shift from carbohydrates to organic acids as the main substrates for respiration. On the contrary, the MEm2 and -5 plants presented RQs of 0.34 6 0.09 and 0.41 6 0.07, respectively, clearly indicating the use of more reduced carbon sources like lipids and proteins as substrate to fuel respiration. In LD conditions all genotypes presented RQs between 0.80 6 0.10 and 1.10 6 0.06, indicating the primary use of carbohydrates to support respiration at the end of the night. Malate and fumarate participate in a wide number of metabolic pathways. Here, we addressed the question whether these organic acids function as important carbon stores in Arabidopsis. The results obtained demonstrate that high plastidic NADP-ME activity causes a phenotype that is very pronounced under conditions of long nights (16-h darkness) combined with low PFDs during the day. MEm plants grown under SD are pale green, display reduced photosynthetic performance, and produce less biomass. The higher specific leaf area of these plants is a consequence of decreased leaf thickness, which is accompanied by an altered leaf anatomy (Fig. 2) . Moreover, the chloroplasts of MEm plants have a more crowded thylakoid membrane system but similar development of grana stacking and PSI to PSII ratios as wild type. This is in strong contrast to numerous reports demonstrating that low-chlorophyll-containing chloroplasts contained less thylakoids (Hugly et al., 1989; Takeuchi et al., 2000; Reiser et al., 2004) . Takeuchi et al. (2000) postulated that as in the case of the bundle sheath chloroplasts of NADP-ME-type C 4 species like maize, the overexpression of NADP-ME in rice (Oryza sativa) chloroplasts generated an alternative source of NADPH in the stroma and caused development of agranal chloroplasts. Our results clearly show that a strong expression of NADP-ME in the chloroplasts does not necessarily produce agranal chloroplasts. This may be a feature of rice, which cannot be translated to other unrelated plant species. The actual causes of contrasting ultrastructures of Arabidopsis and rice chloroplast overexpressing the C 4 maize NADP-ME remain unclear and deserve further elucidation. Nevertheless, it is possible that in SD MEm plants the decreased leaf thickness and thus, the lower chlorophyll content and photosynthetic performance per area might be sensed and as a consequence the plants may adapt the chloroplasts to increase their efficiency for the collection of light by developing a more crowded thylakoid membrane system.
Growth of MEm Plants Under SD Results in Lower Photosynthetic Performance and Decreased NADP and NAD Pool Sizes during the Night
The carbon assimilation rate and efficiency of PSII photochemistry in SD MEm plants were decreased, indicating a lower capacity for photosynthesis. No changes in the 1 2 q p parameter and thus, no changes in the redox state of the acceptor side of PSII were observed in MEm plants. Consistent with this, the NADP to NADPH ratio (a primary control of acceptance of electrons from photochemistry) was unaltered during the light period in all genotypes. Overall, these results indicate that the transgenic NADP-ME activity does not cause an overreduction of NADP in Arabidopsis, and thus no overreduction of the electron carriers in photochemistry. For SD-grown wild-type Arabidopsis plants, a high capacity for the safe removal of excess electrons due to an increased NADPmalate dehydrogenase (MDH) activity and higher glutathione contents were reported (Becker et al., 2006) . Moreover, Arabidopsis lacking chloroplastic NADP-MDH show no visible differences with the wild type even in high light intensities, indicating that other mechanisms are responsible for the adjustment of redox homeostasis (R. Scheibe, personal communication). This increased metabolic flexibility is likely to be realized in Arabidopsis but obviously not in rice plants overexpressing maize NADP-ME, which showed photoinhibition characteristics triggered by the accumulation of NADPH in the chloroplasts even under normal growth conditions (Takeuchi et al., 2000) .
Determination of pyridine nucleotide pool sizes indicated a light regime-dependent and light intensity-dependent decrease in the NADP and NAD levels occurring exclusively in the dark phase. These changes may be the result of mechanisms operating to try to maintain redox homeostasis or decreased synthesis of the nucleotide pools (Noctor et al., 2006) . Available data suggest that the first three steps of the de novo NAD biosynthesis involve the production of quinolinate inside the chloroplasts. The first enzyme of this pathway is Asp oxidase, which catalyzes the FADdependent oxidation of Asp to iminoaspartate. FAD is regenerated by molecular oxygen or, alternatively, by fumarate (Noctor et al., 2006) . In MEm plants the variations in nucleotide pool sizes in SD correlate with extremely low levels of fumarate, suggesting that an impaired regeneration of the redox state of FAD could be involved in a lowered synthesis of NAD and NADP in these conditions. 
Light Regime-Dependent Modifications in the Accumulation and Degradation of Storage Carbon Molecules
The duration of the photoperiod is decisive for many plant responses (Koornneef et al., 1998; Becker et al., 2006) . Here, we aimed to study the influence of the photoperiod and the light intensity on the accumulation of selected metabolites of the primary metabolism during a whole day-night cycle by measuring their steady-state levels in rosettes of plants in the middle of the vegetative phase.
In some species, as a result of photosynthesis, sugars and organic acids are produced to varied extent and either stored during the day or allocated to nongreen tissues (Geiger and Servaites, 1994; Zeeman and Ap Rees, 1999; Chia et al., 2000; Zeeman et al., 2007) . In the dark, the flux of malate toward the vacuole is stopped and stored fumarate and malate can be released and utilized by the mitochondria through NAD-MDH generating OAA and NAD-ME generating pyruvate feeding into the TCA cycle ( Fig. 6 ; Tronconi et al., 2008) . Pyruvate can be used as an energy source in the TCA cycle (Martinoia and Rentsch, 1994) and high levels may up-regulate the respiratory oxygen consumption rate because it can induce alternative oxidase (Vanlerberghe et al., 1999; Oliver et al., 2008; Zabalza et al., 2009 ). This keto acid can also serve as a precursor for the synthesis of Ala, Val, and Leu.
In the light pyruvate increases, and both pyruvate and CO 2 are products of the NADP-ME reaction. MEm plants showed a similar increase in dark respiration rates measured during the day in both conditions of growth (wild type, MEm2, and MEm5 have dark respiration rates of 2.0, 2.8, and 3.2 in SD and 2.0, 2.5, and 2.8 in LD, respectively). The increase in dark respiration in the MEm plants may occur due to elevated levels of pyruvate, and some activity of NADP-ME in the chloroplast. It might be argued that an increase of pyruvate and/or of CO 2 production in the chloroplasts of MEm plants and effects in the light could be related to the phenotypical changes observed in MEm plants in SD. In MEm plants, pyruvate levels are higher during the day in both SD and LD, with similar relative maximal levels of accumulation with regards to the wild type in both conditions of growth (Supplemental Table S4 ; Fahnenstich et al., 2007) . Moreover, during the night, the levels of pyruvate rapidly decrease in both conditions following a pattern similar to the wild type (Fahnenstich et al., 2007) . Thus, these results suggest pyruvate itself is not a part of the signaling or metabolic effect responsible for the distinctive phenotype of MEm plants growing in SD.
In Arabidopsis wild-type plants grown in SD or LD at moderate light intensities, the levels of soluble sugars and the organic acids malate and fumarate increased rapidly after the onset of light and are consumed during the next dark period (Figs. 3 and 4; Fahnenstich et al., 2007) . On the contrary, at low PFD these metabolites remain at low levels during the whole cycle (Figs. 3 and 4) . Given that in SD the photosynthetic period is reduced, the rate of starch synthesis is increased and that of degradation is decreased to fulfill the carbon demand until the end of the night (Stitt et al., 1978; Gibon et al., 2004 Gibon et al., , 2009 ). MEm plants did not exhibit differences in starch accumulation with respect to the wild type in SD at moderate PFDs but contained very low levels of malate and fumarate. This SD metabolic phenotype is accentuated at low PFD where the levels of malate and fumarate were extremely low throughout the day and starch accumulated to higher levels in all MEm lines Figure 6 . Model illustrating the changes observed in MEm plants growing in SD. At the end of a long night, the wild type (wt) uses organic acids to support respiration along with starch. The extremely low levels of malate and fumarate found in MEm plants may provide an initial signal (represented by the black file) generated after carbohydrate starvation at the end of the long night that induces the switch to use fatty acids and/or proteins for respiration. This carbon starvation (represented in gray) may trigger a cascade of events that result in morphological, biochemical, and physiological changes observed in the MEm plants growing in SD. Dashed files indicate transport processes. compared to wild type (Fig. 3B) . These results suggest that in MEm plants grown in low light a metabolic signal is sensed that triggers a higher rate of starch synthesis probably to counterbalance the limiting carbon supplies in the form of malate and/or fumarate, through a still unknown mechanism.
The analysis of the nature of the substrate supporting respiration indicated that LD wild-type and MEm plants use primarily carbohydrates as respiratory substrates at the end of the day and the night. The observed RQs in SD plants are also consistent with carbohydrates being the principal substrate supporting respiration by the end of the day in both wild-type and MEm plants. However, at the end of the night the wild type shift from carbohydrates to organic acids to support respiration, while MEm plants use fatty acids and/or proteins. These results clearly indicate that at the end of a long night the wild type uses organic acids due to a limitation of the carbon supply from the carbohydrate reserves. It was previously shown that Arabidopsis wild-type plants grown in progressively shortened photoperiods synthesize proportionally more starch in the light, degrade it more slowly during the night, and present progressively decreased levels of malate and fumarate at the end of the night (Gibon et al., 2004 (Gibon et al., , 2009 . Taken all together we propose that even though starch may not be completely consumed at the end of a long night, the organic acids, malate and fumarate, act as an alternative source of energy, which buffers the use of starch.
In MEm plants the superimposed shortage of carbon due to extremely low levels of malate and/or fumarate, especially at the end of a long night, exerts a limitation on metabolism, resulting in the catabolism of substrates from lipid and/or protein degradation. We postulate that in SD after using the permissible carbohydrate reserves, the MEm suffer from an acute carbon starvation (Fig. 6 ). This change occurring at the end of a long night would trigger the development of the pale-green phenotype reflected in decreased biomass and lowered photosynthetic capacity under this condition of growth (Fig. 1A) .
CONCLUSION
Our data demonstrate that although MEm plants grown under SD and LD regimes have some common differences in metabolite levels compared to wild type (see Fahnenstich et al., 2007 for data on LD), they only showed phenotypical differences when grown in SD. The fact that at the end of a long night the wild type use organic acids and the MEm plants use fatty acids and/or proteins as primary respiratory substrates, leads to the conclusion that the SD phenotype of MEm plants is a consequence of a long dark period with extremely low levels of malate and/or fumarate that are not sufficient to buffer the use of the carbohydrate reserves and thus cannot support normal metabolism after sugar depletion (Fig. 6 ). This clear carbon-starvation phenotype of the SD transformants strengthens the proposed physiological roles of malate and fumarate as essential transient storage carbon molecules in a C 3 -plant-like Arabidopsis. Moreover, a superimposed reduced carbon gain during the day may also contribute to the pale-green thin leaves phenotype of the SD MEm plants. We propose that low levels of the organic acids may be the initial signal generated after carbohydrate starvation in the dark phase that triggers a cascade of events that alters use of reserves for respiration and chloroplast metabolism in the MEm plants (Fig. 6) .
MATERIALS AND METHODS
Plant Material and Growth Conditions
After a cold treatment of 48 h at 4°C in the dark, Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 (wild type) and the transgenic lines (MEm2, -4, and -5; Fahnenstich et al., 2007) 
Measurement of Nucleotide Levels
Nucleotide levels were measured using total rosette harvested at the end of dark and light periods. The extraction and the contents of NADP, NADPH, NAD, and NADH were conducted as described in Matsumura and Miyachi (1980) and using the enzymatic cycling method of Lowry et al. (1961) . To establish the efficiency of the extraction procedure, the recovery of nucleotides was determined by the addition of standard nucleotides (3-fold excess of the determined tissue concentration in the wild type) to the tissue sample at the start of the extraction procedure. Estimates of the recovery were 95% to 97% for all the nucleotides assayed.
Determination of Metabolite Levels
Analysis of metabolites by GC-MS was performed by extraction and derivatization of 100 mg of whole rosettes from plants grown in SD as described previously (Fahnenstich et al., 2007) . Substances were identified by comparison with standards and the recovery of small representative amounts of each metabolite through the procedure has been determined as described for the nucleotide measurements. Estimates of recovery were between 70% (for succinate) and 120% (for fumarate). Data sets presented are normalized to the wild-type control of each measured batch as a reference.
Carbohydrates, Organic Acid, and Chlorophyll Quantification
The contents of starch, Glc, Fru, and Suc were determined enzymatically according to Stitt et al. (1989) . Malate content was quantified photometrically using the combined assay as in Hurth et al. (2005) . Chlorophyll quantification was carried out according to Arnon (1949) .
Light Microscopy
Samples for light microscopy were fixed overnight at 4°C in 2% formaldehyde (v/v), 1% glutaraldehyde, 50 mM NaPi, pH 7.2, and dehydrated with a graded ethanol series. For the determination of leaf thickness, the samples were embedded in Leica Histowax (Leica Microsystems) resin. The material was cut into 12-mm sections. Leaf thickness was determined between the central and both outer lateral veins using the program Diskus (Hilgers). At least 80 sections, belonging to leaves of six different plants were used. Results were documented using a microscope Nikon eclipse E800 equipped with a digital camera (ky-F1030, JVC).
For leaf anatomy and starch staining leaf samples were fixed at 4°C in 2% (v/v) paraformaldehyde and 1.25% (v/v) glutaraldehyde in 0.05 M PIPES buffer, pH 7.2. The samples were dehydrated with a graded ethanol series and embedded in London Resin White (Electron Microscopy Sciences) acrylic resin. The periodic acid-Schiff's procedure was used for staining starch in sectioned materials. Cross sections (0.8-1 mm thick) were dried from a drop of water onto gelatin-coated slides, incubated in periodic acid (1% w/v) for 30 min, washed, and then incubated with Schiff's reagent (Sigma Aldrich) for 1 h. Controls lacking the periodic acid treatment showed little or no background staining (data not shown).
Transmission Electron Microscopy
For chloroplast ultrastructure analysis leaves of 5-week-old plants growing in SD were used. Seedlings were fixed with 3% glutaraldehyde (v/v), 100 mM NaPi, pH 7.2 for 5 h, and washed three times with 100 mM NaPi. The samples were post fixed in 2% (w/v) osmium tetroxide for 4 h and washed three times with water. Samples were incubated in 25% (v/v) acetone for 20 min and subsequently in 50% acetone, 1% uranyl acetate for 2 h, followed by a sequential dehydration with 70%, 96%, and 100% acetone and embedded in Spurr's epoxy resin. Ultrathin sections were stained for transmission electron microscopy with 2% (w/v) uranyl acetate followed by 2% (w/v) lead citrate.
Carbon Dioxide Assimilation and Chlorophyll Fluorescence Measurements
Measurements of CO 2 assimilation with varying Ci were carried out using the LI-6400 system (LI-COR) and parameters were calculated with the software supplied by the manufacturer. Conditions were: PFD of 100, 150, or 200 mmol m 22 s 21 , chamber temperature of 24°C, flow rate of 100 mmol s 21 , and a relative humidity of 60% to 70%. Measurements of chlorophyll fluorescence of the upper leaf surface were performed with a PAM-2000 pulse amplitude modulation chlorophyll fluorometer (Walz GmbH; Schreiber et al., 1986) . Basal fluorescence (F 0 ) was measured with modulated weak red light using leaves, which were dark adapted for at least 10 min before giving a saturation pulse of light to obtain F m . To calculate the F v /F m ratio, leaves were dark adapted for 10 min. The variable fluorescence (F v ) was determined by subtracting F o from F m . Maximal fluorescence in the dark-adapted state (F m ) and during illumination (F m #) was induced with a saturating white light pulse (5,000 mmol m 22 s 21 ; duration 0.8 s). According to Genty et al. (1989) the effective quantum yield of PSII (F PSII ) was calculated as F PSII = (F m # 2 F s )/F m # (F s = steady-state fluorescence).
RQ
The RQ (CO 2 eliminated/O 2 consumed) was determined by Warburg manometry (Braun-GmbH). Leaf discs were prepared 30 min before the end of the day and night from plants growing in SD and LD and the respiratory activity was measured for the next 75 min.
Frequency Resolved Fluorescence Microscopy
The PSI to PSII ratio was determined by confocal stage scanning microscopy combined with frequency resolved florescence spectroscopy using leaves of 3-week-old plants grown either in SD and LD. Fluorescence was recorded from at least three different plants per condition. The measurements were performed with a custom-built confocal sample scanning microscope (based on a Zeiss Axiovert 135 TV, immersion oil objective: Zeiss Plan Neofluar 100/1.30 oil; Blum et al., 2001; Schleifenbaum et al., 2008) equipped with a 632.8 nm HeNe laser as source for excitation light (Polytec 610, Polytec GmvH). Fluorescence intensity images were obtained by raster scanning the sample and detecting emission intensity for every spot on the sampled area. At least 40 spots from regions exhibiting high and low overall fluorescence were addressed to record the corresponding fluorescence spectra. Acquisition time was 1 s per spectrum. Processing of fluorescence intensity images was accomplished with the WSxM software package (Nanotec Electronica; Horcas et al., 2007) . PSI to PSII ratios were calculated from the corresponding spectra by dividing the fluorescence intensity maximum of PSI (l emPSI = 740 nm) by the fluorescence intensity maximum of PSII (l emPSII = 680 nm).
Statistical Analysis
Significance was determined according to the Student's t test using Excel software (Microsoft Corporation) and the term significant is used only in the case that the change observed has a P , 0.05.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number J05130.
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The following materials are available in the online version of this article.
Supplemental Figure S1 . Specific leaf area of rosettes of 6-week-old wildtype (wt) and MEm plants grown in SD under different light regimes and 4-week-old plants in LD.
Supplemental Figure S2 . Efficiency of PSII photochemistry: the effective quantum yield (F PSII ) as a function of the PFD (a) and time course of PSII inactivation (F v /F m ) during the course of high-light treatment (b).
Supplemental Table S1 . Fresh weight (FW), dry weight (DW), and fresh weight/dry weight ratio (FW/DW) of rosettes of 6-week-old wild-type (wt) and MEm plants in SD and 4-week-old plants in LD following growth in different light regimes and light intensity conditions.
Supplemental Table S2 . Total chlorophyll and chlorophyll a and b contents and chlorophyll a/b ratio of rosettes of 6-week-old wild-type and MEm plants grown in SD and 4-week-old plants grown in LD.
Supplemental Table S3 . Relative distribution of thylakoids per granum (%) in chloroplasts of wild-type and MEm5 plants grown in LD and SD at moderate PFD.
Supplemental Table S4 . Complete data set of metabolites measured by GC-MS over a day-night period from whole rosettes of plants grown in SD at a PFD of 150 mmol m 22 s 21 .
Supplemental Table S5 . Complete data set of metabolites measured by GC-MS over a day-night period from whole rosettes of plants grown in SD at a PFD of 30 mmol m 22 s 21 .
